We have previously shown that diabetes significantly enhances apoptosis of osteoblastic cells in vivo and that the enhanced apoptosis contributes to diabetes impaired new bone formation. A potential mechanism is enhanced apoptosis stimulated by advanced glycation end products (AGEs). To investigate this further, an advanced glycation product, carboxymethyl lysine modified collagen (CML-collagen), was injected in vivo and stimulated a 5-fold increase in calvarial periosteal cell apoptosis compared to unmodified collagen. It also induced apoptosis in primary cultures of human or neonatal rat osteoblastic cells or MC3T3-E1 cells in vitro. Moreover, the apoptotic effect was largely mediated through RAGE receptor. CML-collagen increased p38 and JNK activity 3.2-and 4.4-fold, respectively. Inhibition of p38 and JNK reduced CML-collagen stimulated apoptosis by 45% and 59% and by 90% when used together (P < 0.05). The predominant apoptotic pathway induced by CML-collagen involved caspase-8 activation of caspase-3 and was independent of NF-κB activation. When osteoblastic cells were exposed to a longterm low dose incubation with CML-collagen, there was a higher degree of apoptosis compared to shortterm incubation. In more differentiated osteoblastic cultures, apoptosis was enhanced even further. These results indicate that advanced glycation end products, which accumulate in diabetic and aged individuals, may promote apoptosis of osteoblastic cells and contribute to deficient bone formation.
INTRODUCTION
Advanced glycation endproducts form when glucose reacts with the proteins to form unstable Schiff bases, which then undergo further modification to form Amadori products (44, 50) . Additional rearrangements or modifications may occur giving rise to advanced glycation endproducts seen in prolonged hyperglycemia or aged individuals. A common modification is generated by oxidative cleavage of Amadori intermediates to form (N-epsilon-(carboxymethyl) lysine (CML) structures. Proteins with long half lives such as collagen are particularly susceptible to formation of advanced glycation end-products (AGEs) (36) .
AGEs accumulate as a normal process of aging and as a result of hyperglycemia, particularly in long-lived molecules such as collagen. AGEs have been shown to be etiologic factors in diabetes-induced nephropathy, retinopathy, neuropathy, and diabetes-accelerated atherosclerosis (40, 44, 50) . AGEs are also thought to contribute to many of the complications of aging including disorders such as osteoarthritis, cataract formation and changes observed in myocardial dysfunction (6, 30, 39) .
Advanced glycation end products accumulate in bone and may play a functional role in the development of osteoporosis associated with diabetes and aging (53) . In support of this concept, serum levels of AGEs are elevated in individuals with osteoporosis (18) . In addition advanced glycation end products may lead to damage of articular surfaces and enhance inflammation thereby contributing to osteoarthritis (39) . AGEs have also been implicated in the most common form of pathologic bone loss, periodontal disease (26) .
AGEs may exert a negative effect on bone by interfering with osteoblast differentiation and the production of matrix proteins such as collagen and osteocalcin (13, 33, 38, 54) . It has recently been reported that AGEs stimulate apoptosis of human mesenchymal stem cells which could limit the formation of adipose tissue, cartilage and bone (25) . Other parameters may also be affected including AGE-inhibited proliferation and differentiation (33) . Although not formally linked, it is possible that problems with fracture repair associated with type 1 diabetes (10, 14, 41) are directly or indirectly related to the effects of AGEs on osteoblasts. Since enhanced osteoblast apoptosis may represent an important mechanism through which bone formation is limited (19) we investigated the capacity of glycated collagen to stimulate apoptosis of osteoblastic cells and investigated the apoptotic pathways that were stimulated.
MATERIALS AND METHODS

CML-collagen
CML-collagen was prepared by chemical modification of acid soluble bovine skin collagen (Sigma), as previously described (23, 38) . Briefly, 50 μg of collagen was dissolved 1 mM HCl followed by incubation in sodium cyanoborohydride and glyoxylic acid in PBS. Control collagen was prepared at the same time, except that no glyoxylic acid was added. All samples were then incubated at 37° C for 24 hours and then dialyzed against distilled water or PBS. CML-collagen was highly reactive on Western blots with anti-CML monoclonal antibody 6D12 (Wako, Richmond, VA), whereas control collagen was not reactive. In total, 3% to 8% of lysine residues in CML-collagen were converted to CML, as determined by the TNBS (trinitrobenzenesulfonic acid) assay (15) . The per cent modification of collagen is less than the amount used in a recent report to assess CML binding and activation of NF-κB (23) and only a small amount higher than that found in the skin of aged or diabetic individuals (12) . The amount of endotoxin contamination was measured by measured by Pyrochrome Limulus Amebocyte Lysate (LAL) assay (Associates of Cape Cod, Inc, Woods Hole, MA) and found to be very low, approximately 0.09 ng/μg (endotoxin/protein) for both control collagen and CML-collagen.
Cell Culture
Unless otherwise stated, experiments were performed with primary cultures of human adult osteoblastic cells purchased from Cambrex Company (Walkersville, MD) and maintained in Dulbecco's Modified Eagle's Medium (Cambrex) supplemented with 10% fetal bovine serum, Gentamicin (100μg/ml) and Amphotericin B (100ng/ml) at 37°C in a humidified atmosphere of 5% CO 2 in air. The murine osteoblastic cell line, MC3TC-E1, subclone 14 (CRL-2594) was obtained from the American Type Culture Collection (ATCC, Rockville, MD) and cultured in α-MEM supplemented as above. Neonatal osteoblastic cells were derived from the cells lining the calvarium of 2 day old rats as described in (8) . In some experiments, neonatal calvarial osteoblasts or MC3T3-E1 cells were cultured in the presence or absence of 50 μg/ml ascorbic acid (Sigma) to promote osteoblast differentiation. Experiments with soluble CML-collagen or unmodified collagen were performed in culture medium supplemented with 0.5% fetal bovine serum. Assays were performed when the cultures reached 75%-85% confluence.
Apoptosis Assay
For apoptosis assays cells were plated at a density of 20,000 osteoblasts/cm 2 and incubated until they were approximately 75-85% confluent, incubated for 2 days in culture medium supplemented with 0.5% FBS and then changed to assay medium. For most experiments cells were incubated with CML-collagen (200μg/ml) or unmodified collagen (200μg/ml) for 24 hours. Apoptosis of osteoblasts was determined by ELISA measuring cytoplasmic histoneassociated-DNA fragments (Roche Applied Science, Indianapolis, IN) as described F (2, 3) . In some experiments cells were preincubated for 2 hrs with p38 (20 μM) or JNK-1 (20 μM) inhibitors which were also incubated in assay medium. p38 inhibitor, SB203580 [4-(4fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl) 1 H-imidazole], and JNK-1 inhibitory peptide H-GRKKRRQRRRPPRPKRPTTLNLFPQVPRSQDT-NH2 [ L-HIV-TAT 48-57 PP-JBD 20 ] were purchased from Calbiochem (LaJolla, CA). The concentration of inhibitors, 20μM was selected based on published studies (7, 20) . In other experiments cells were treated with 50μM inhibitors to caspase-3 (Z-DEVD-FMK), caspase-8 (Z-IETD-FMK) or caspase-9 (Z-LEHD-FMK) at the time of CML-collagen stimulation. Inhibitors were purchased from R&D Systems (Minneapolis, MN). To test the effect of NF-κB on apoptosis, osteoblastic cells were incubated the specific NF-κB inhibitor, SN50 (100 μg/ml) (Biomol, Plymouth Meeting, PA) in assay media with CML-collagen or control collagen. To study the role of the receptor for AGE (RAGE) primary cultures of human adult osteoblastic cells were incubated with CML-collagen (200 μg/ml) in presence of polyclonal anti-RAGE antibody specific for the extracellular domain of RAGE (10 μg/ul) or non-immune serum (10 μg/ul) (Biocompare, San Francisco, CA). For each experiment cell number was assessed in separate wells at the end of the experiment to normalize ELISA values. Each experiment was performed at least 3 times with similar results. Statistical significance was established by ANOVA with Tukey's post-hoc test.
Caspase Activity
Human primary osteoblastic cells were incubated with CML-collagen as described above and changed to apoptosis assay medium. Caspase-3, -8 and -9 activities were measured from 200μg of total protein per data point using a fluorimetric kit purchased from R&D Systems. Caspase-3/7 activity was detected by using the specific caspase-3 fluorogenic substrate, DEVD peptide conjugated to 7-amino-4-trifluoromethyl coumarin (AFC). Caspase-8 activity was detected by using the specific caspase-8 fluorogenic substrate, IETD-AFC. Caspase-9 activity was detected by using the specific caspase-9 fluorogenic substrate, LEHD-AFC. Measurements were made on a fluorescent microplate reader using filters for excitation (400 nm) and detection of emitted light (505 nm). In some assays cells were incubated with caspase-8 and-9 inhibitors prior to assay for caspase-3 activity.
In vivo experiments
Eleven week old CD1 mice were purchased from Charles River Laboratories (Waltham, MA). CML-collagen or unmodified collagen was inoculated adjacent to the periosteum at a point on the midline of the skull located between the ears. Injection at this anatomic site can be reproducibly achieved. For each data point there were 6 mice (n=6). Animals were euthanized 24 hours after injection by decapitation and the heads were fixed for 72 hours in cold 4% paraformaldehyde and decalcified by incubation of cold Immunocal (Decal Corporation, Congers, NY) for approximately 12 days, with solution changed daily. Paraffin embedded sagittal sections were prepared at a thickness of 5 microns. Apoptotic cells were detected by an in situ TUNEL assay by with a TACS 2 TdT-Blue Label kit purchased from Trevigen (Gaithersburg, MD) and cells were counterstained with fast red following the manufacturer's instructions. TUNEL positive cell counts were made by one examiner and confirmed by a second independent examiner. Students t-test was used to determine significant differences between the experimental and control groups at the p<0.05 level. All procedures involving mice were approved by the Boston University Medical Center Institutional Animal Care and Use Committee.
EMSA
Adult human primary osteoblast cultures were incubated for 1 hour with 200 μg/ml of CMLcollagen or unmodified collagen in presence or absence of a specific NF-κB inhibitor, SN50 (100 ug/ml) (Biomol, Plymouth Meeting, PA). Nuclear proteins were extracted using protein extraction kit (Pierce, Rockford, Illinois) following the manufacturer's instructions and the concentration measured using a BCA protein assay kit (Pierce, Rockford, Illinois). Interaction between NF-κB in the protein extract and DNA probe was investigated using electrophoreticmobility shift assay (EMSA) kit from Panomics (Redwood City, CA) following the manufacturer's instruction.
RESULTS
To test whether AGEs stimulated apoptosis of bone-lining cells in vivo, CML-collagen and control collagen were injected adjacent to the scalp periosteum and apoptosis of periosteal cells was measured by the TUNEL assay as we have previously described (16) . CML-collagen stimulated a 5 fold increase in apoptosis of these bone lining cells compared to unmodified collagen (Fig. 1A) . The capacity to induce apoptosis in different osteoblastic cell cultures, primary human and rat neonatal calvarial cells and MC3T3-E1 osteoblastic cells was tested in vitro ( Fig 1B) . A similar level of apoptosis was induced in all three in vitro cultures, with CMLcollagen stimulating apoptosis 3.5 to 4 fold compared to unmodified collagen (P<0.05).
Dose response and time course experiments were carried out with the primary cultures of human osteoblastic cells ( Fig. 2A) . At all doses unmodified collagen was similar to the zero time point (P>0.05). CML-collagen stimulated a dose-dependent increase in apoptosis that plateaued at 0.4 μg/ml CML-collagen, which induced a four fold increase in programmed cell death. In time-course experiments a small but significant increase in apoptosis was noted at 6 hours, but was much less than the four fold increase that was noted at 24 hours ( Fig 2B) . Similar results were obtained with MC3T3-E1 and rat neonatal calvarial cells (data not shown).
The above studies provide evidence that AGEs are relatively potent inducers of osteoblast apoptosis. In vivo cells are more likely to experience long-term exposure to AGEs rather than short-term stimulation. To determine whether a long-term exposure to AGEs even at low doses could induce osteoblast apoptosis experiments were carried out in which cells were incubated with 50 μg/ml of CML-collagen or unmodified-collagen for 1 week and compared to stimulation with 50 or 200 μg/ml for 24 hours (Fig. 2C ). Incubation with unmodified collagen for both time periods did not affect osteoblast apoptosis (P>0.05). Long-term low dose exposure to CML-collagen (50 μg/ml) stimulated a 4.7 fold increase and a short-term stimulation with 50 or 200 μg/ml CML-collagen induced a 1.8 and 3.6 fold increase, respectively. Similar results were obtained with MC3T3-E1 and rat neonatal calvarial cells (data not shown).
Studies were undetaken to identify whether signalling occurred via the well characterized receptor for AGE, RAGE (40) . When primary human osteoblasts were incubated with CMLcollagen in the presence of antibody specific for the extracellular domain of RAGE there was a significant decrease in apoptosis (P<0.05) (Fig 3) . That there was no difference between baseline levels and incubation of CML-collagen with anti-RAGE antibody (P>0.05) indicates that RAGE signalling is required for apoptosis. Matched pre-immune serum had no effect on CML-collagen induced apoptosis demonstrating specificity and cells incubated with RAGE antibody or pre-immune serum in the absence of CML-collagen had no change in baseline levels of apoptosis. One of the primary signalling pathways through which apoptosis is induced is the MAP kinase pathway. It has been shown that advanced glycation endproducts induce apoptosis in Schwann and mesangial cells partly through p38 map kinase signalling (28, 43) . Another member of the MAP kinase family, JNK, has been shown to mediate apoptosis of other mediators including TNF-α (29, 48) . To determine whether CML-collagen induced two of the principal pro-apoptotic signalling components in this pathway, activation of p38 and JNK were measured (Fig 4) . CML-collagen stimulated a 3.2 fold increase in p38 activity while it induced a 4.4 fold increase in JNK1/2 activity. The response to p38 peaked earlier than that of JNK1/2. The functional significance of MAP kinase signalling in apoptosis was then assessed ( Fig 4C) . Inhibition of p38 with the specific inhibitor, SB203580, reduced CMLstimulated apoptosis by 45% percent (P<0.05). Incubation with the JNK inhibitor [L-HIV-TAT 48-57 PP-JBD 20 ] caused a 59% percent reduction in the level of apoptosis, which was significant. However, when both inhibitors were used simultaneously CML-collagen stimulated apoptosis was reduced by 90%, which was greater than either inhibitor alone (P<0.05). Thus, both p38 and JNK arms of this signalling pathway are involved in CMLcollagen induced apoptosis. Similar results were obtained with MC3T3-E1 and rat neonatal calvarial cells (data not shown).
The capacity of CML-collagen to activate initiator and executioner caspases was measured in human adult osteoblastic cells following stimulation by CML-collagen or unmodified collagen. CML-collagen stimulated a 4.3 fold increase in caspase-3 activity, a 3.4 fold increase in caspase-8 and a 2.2 fold increase in caspase-9 activity, all of which were significant (P<0.05) ( Fig 5A) . Since caspase-3 is the principal effector caspase through which the mitochondrial and cytosolic pathways induce apoptosis, the dependence of caspase-3 activity on caspase-8 and -9 was measured ( Fig 5B) . A caspase-8 inhibitor blocked CML-collagen activation of caspase-3 by 79% while a caspase-9 inhibitor reduced it by 37%. The difference between caspase-8 and caspase-9 inhibitors was significant (P<0.05). The functional significance in mitochondrial and cytosolic pathways in mediating CML-collagen induced apoptosis was measured in Fig 5C. Caspase-3 inhibitor reduced CML-collagen stimulated apoptosis by 86%, while caspase-8 and -9 inhibitor reduced it 63% and 33%, respectively, all of which were significant (P<0.05). These results are consistent with the degree to which CML-collagen induced caspase activity associated with their respective apoptotic signalling pathway.
Osteoblastic cells in culture, when incubated in the presence of ascorbic acid, undergo a sequence of events that involve proliferation, differentiation and formation of a calcifying extracellular matrix over a two to three week period (8) . Thus, the cells exhibit a more differentiated phenotype with time. To investigate the impact of differentiated phenotype on the apoptotic response to CML-collagen, MC3T3-E1 cells were cultured in presence of ascorbic acid and stimulated with CML-Collagen (200μg/ml) for 24 hours (Fig 6A) . Cells incubated with ascorbic acid for one week and then stimulated with CML-collagen exhibited a five fold increase in apoptosis compared to four fold increase in the absence of ascorbic acid, with the difference between them being significant (p<0.05). However, the level of apoptosis was increased to 6.5 fold when cells had been incubated for two weeks which was significantly higher than cells incubated with ascorbic acid for less time or not at all (P<0.05). When rat neonatal calvarial osteoblasts were tested, CML-collagen stimulated a 4.2 fold increase in apoptosis in cells not incubated with ascorbic acid (Fig 6B) . After 1 and 2 week exposure to ascorbic acid a 5.3 and 6.6 fold increases in apoptosis in response to CML-Collagen was observed, respectively. Thus, apoptosis increased by approximately 50% after 2 weeks exposure to ascorbic acid in both differentiated osteoblastic cell cultures compared with less differentiated cells not incubated with ascorbic acid (p<0.05).
Since AGEs have previously been reported to stimulate NF-κB in osteoblastic cells (46) , we examined the impact of NF-κB on AGE-induced apoptosis by using the specific NF-κB inhibitor, SNF-50. Adult human osteoblasts were incubated with CML-collagen or unmodified collagen for 1 hour. CML-collagen but not unmodified collagen induced NF-κB activation as determined by electrophoretic mobility shift assay ( Fig 7A) . When apoptosis was measured ( Fig 7B) , inhibition of NF-κB with the specific inhibitor, SN50, enhanced CML-collagen induced apoptosis by 51%, which was statistically significant (P<0.05).
It has been reported that AGEs may be synergistic with other factors to enhance apoptosis (9) . Therefore we compared the effect of CML-collagen with another well defined apoptotic factor, TNF-α and tested for synergistic interaction (Figure 8 ). When tested under the same conditions TNF-α (5-20 ng/ml) increased osteoblast apoptosis to a greater extent the CMLcollagen (100-400μg/ml) ( Fig 8A) . To investigate potential synergy between CML-collagen and TNF-α cells were incubated with CML-collagen (100μg/ml) and increasing amounts of TNF-α ( Fig 8B) . A lower concentration of CML-collagen, 100μg/ml was selected in order to detect potential synergistic effects. The addition of TNF-α to CML-collagen only slightly increased apoptosis. Similar results were obtained when varying concentrations of CMLcollagen were incubated with a fixed sub-maximal dose of TNF-α (data not shown). Thus, there was no evidence of synergy.
DISCUSSION
Diabetes and aging are both characterized by diminished bone formation (1, 42) . There are multiple avenues through which this could occur, one of which is reduced numbers of osteoblastic cells or their precursors. For example, premature aging caused by ablation of the klotho gene is associated with higher levels of osteoblast and osteocyte apoptosis (45) . We have recently shown that diabetes causes enhanced apoptosis of osteoblastic cells following a bacterial stimulus (16) . When apoptosis is inhibited there is a significant improvement in the capacity to form new bone demonstrating that diabetes-enhanced apoptosis is functionally important (5) .
One of the mechanisms through which diabetes or aging could induce apoptosis is through stimulation by advanced glycation endproducts. Data presented here demonstrate that CMLcollagen, one of the predominant advanced glycation endproducts found in bone and serum of individuals with osteoporosis (17, 18) stimulates apoptosis of bone-lining cells in vivo and in various osteoblastic cell cultures and that signalling is mediated through RAGE. This agrees well with previous reports that advanced glycation endproducts stimulate oxidative stress in osteoblastic cells (33) . The degree of glycosylation of collagen used in the experiments is only slightly higher than that found in various tissues in vivo (12, 37) and is likely to be biologically relevant, particularly since long-term low dose exposure was especially effective in stimulating apoptosis. However, CML-collagen did not induce apoptosis to the same extent as TNF-α and there was no synergy between them.
To investigate mechanisms by which CML-collagen induced apoptosis we examined the MAP kinase signalling pathway. CML-collagen stimulated both p38 and JNK activity in osteoblasts and inactivation of both with inhibitors significantly reduced apoptosis. That the highest degree of inhibition was achieved when p38 and JNK inhibitors were used together indicates that both arms participate in CML-collagen stimulated cell death. Both p38 and JNK are frequently involved in upstream signalling of apoptosis (21, 24) . Although there have been no reports on advanced glycation products stimulating apoptosis in osteoblasts through this pathway, hypoxia, nitric oxide and integrin-mediated osteoblast apoptosis appear to involve the MAP kinase pathway (22, 47) . However, there are MAP kinase-independent pathways through which osteoblast apoptosis is induced by other mediators (27) .
We previously established that CML-collagen stimulated fibroblast apoptosis largely through caspase-3, which was activated through both cytoplasmic (caspase-8 dependent) and mitochondrial (caspase-9) pathways (4) . Similar pathways are stimulated in osteoblastic cells as fluorimetric assays indicated that caspase-3, -8 and -9 were induced by CML collagen. Caspase-3 and -8 were induced at higher levels than caspase-9 suggesting that the cytosolic pathway was relatively more important. That there was an 86% decrease in apoptosis when caspase-3 was inhibited demonstrate that it plays a significant role in AGE-induced apoptosis. As was shown for fibroblasts, the inhibition of caspase-8 had a greater effect on CML-collagen stimulated apoptosis than inhibition of caspase-9, agreeing with activity measurements that the cytosolic pathway was the predominant apoptotic mechanism in osteoblasts. However, there was still a small but statistically significant contribution by the mitochondrial pathway since inhibition of caspase-9 reduced both caspase-3 activation and apoptosis. This results demonstrate that while caspase-8 plays as dominant pathway, role of caspase-9 can not be ignored.
AGEs have previously been reported to stimulate activation of NF-κB (46) . When NF-κB was inhibited, apoptosis in response to CML-collagen was further enhanced. Thus, CML-collagen simultaneously induces a pro-apoptotic pathway involving MAP kinase signalling and an antiapoptotic pathway involving NF-κB. The latter agrees well with the reported anti-apoptotic activity of NF-κB (51) . The net effect though is increased apoptosis indicating that the proapoptotic pathway predominates. Thus, the results presented here provide information on the signalling pathways through which AGEs, associated with aging or diabetes, may lead to osteoblast cell death and diminish the capacity to form bone. This is consistent with a report that in diabetic mice there are fewer bone lining cells (49) .
Studies in soft tissue wounds indicate that diabetic mice have increased levels of apoptosis, which may interfere with the capacity for wound healing (11, 32, 46) . Thus, diabetes may have a general effect of increasing apoptosis of matrix producing cells, which limits the repair of injured hard or soft connective tissue. This tendency of enhanced apoptosis may be due in part to the formation of advanced glycation end products. To our knowledge there are no studies that have investigated whether long term AGEs contribute to osteopenia in diabetic or aged individuals through inducing osteoblast apoptosis. We have recently reported that when caspase inhibitors are applied in vivo there is significantly improved reparative bone formation following bacteria-induced injury in diabetic animals (5) . Interestingly, we found that CMLcollagen induced apoptosis to a greater extent in more differentiated osteoblastic cells. Given the potential to shorten the lifespan of mature osteoblasts as well mesenchymal stem cells (25) AGE-stimulated apoptosis may represent an avenue through which osteogenesis is impaired in aged and diabetic individuals. However, AGEs do not represent the only mechanism for diabetes-enhanced osteoblast apoptosis as inhibition of TNF in vivo also reduces apoptosis of periosteal cells and promotes new bone formation (31) . These and other reports underscore the potential importance of osteoblast apoptosis as a mechanism for impaired bone formation in diabetic and aged individuals (5, 34, 35) .
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Figure 1. CML-collagen induces apoptosis in bone-lining cells in vivo and osteoblastic cells in vitro
A. CML-collagen (100 μg) or control unmodified collagen (100 μg) was injected into the scalp as described in Materials and Methods and mice were euthanized 24 hours later. Apoptotic cells were identified in paraffin sections by the TUNEL assay. The number of TUNEL-positive bone-lining periosteal cells was counted at 1000x magnification between the occipital and coronal sutures. Each value represents the mean of 6 specimens ± SEM. B. CML-collagen (200 μg/ml) or an equal amount of unmodified control collagen were incubated with human, MC3T3-E1 or neonatal rat calvarial osteoblastic cells for 24 hours and compared to controls which were incubated in assay medium alone. Each value represents the mean of 4 replicates ± SEM and each experiment was performed three times with similar results.
Figure 2. CML-collagen stimulates a dose and time dependent increase in apoptosis of osteoblastic cells
A: Human osteoblastic cells were incubated with different concentrations of CML-collagen or unmodified collagen for 24 hours. The extent of apoptosis was determined by ELISA. B. Human osteoblasts were incubated with AGE-collagen or unmodified collagen (200μg/ml) as indicated. Apoptosis was determined by ELISA. Each value represents the mean of 4 replicates ± SEM and each experiment was performed three times with similar results. C. Primary human osteoblasts were incubated with CML-collagen (50 or 200 μg/ml) or unmodified collagen for 24 hours or 1 week. As an additional control cells were incubated with medium alone. At the end of each incubation period apoptosis was determined by ELISA. The ELISA values were normalized by cell number. Each value represents the mean of 4 replicates ± SEM. The experiment was performed three times with similar results. 
MC3T3-E1 cells (A) or primary neonatal calvarial osteoblastic cells (B)
were cultured in the presence or absence of ascorbic acid (50 μg/ml) for one or two weeks. Cells were then incubated with CML-collagen or unmodified collagen (200 μg/ml) for 24h. Control cells were incubated in assay medium alone. Apoptosis was determined by ELISA and the values were normalized by cell number. Each value represents the mean of 4 replicates ± SEM. The experiment was performed three times with similar results.
Figure 7. AGEs stimulate osteoblast apoptosis through an NF-κB-independent mechanism
A. Primary human osteoblasts were incubated for 24 hours with 200 μg/ml of CML-collagen or unmodified collagen in presence or absence of NF-κB inhibitor SN50 (100μg/ml). Nuclear extracts were isolated and incubated with biotinylated NF-κB probe or probe plus excess unlabelled probe. EMSA was carried out as described in Materials and Methods. The arrow points to the NFκB band in lane 2. The experiment was performed three times with similar results. B. Primary human osteoblasts were incubated with CML-collagen (200 μg/ml) with or without NF-κB inhibitor SN50 (100μg/ml) or unmodified collagen (200 μg/ml). Apoptosis was measured 24 hrs later by ELISA. Each value represents the mean of 5 replicates ± SEM. The experiment was performed three times with similar results.
Figure 8. CML-Collagen compared to TNF-induced apoptosis in primary human osteoblasts
A. Cells were incubated with different concentration of TNF or CML-collagen for 24h. The extent of apoptosis was determined by ELISA. B. Cells were incubated with a suboptimal dose of CML-collagen (100 μg/ml) and increasing concentrations of TNF-α (10-20ng/ml). The extent of apoptosis was determined by ELISA. The experiments were performed two (B) or three times (A) with similar results. Each value represents the mean of 3 or 4 replicates ± SEM.
